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How did we end up building such a thing as the LHC?

* Accelerators : why?
 Accelerators : What?

 The LHC

 CERN's accelerators complex
» Technology challenges
 Magnets

e The LHC Story

* Lumi and Pile-Up

« Data Taking and Grid
e The Structure of an event
« Analysis of the data in detectors

« What is an Analysis?
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Accelerators : why?

« Standard Model : seen on your
previous course, seems like a good
theory but how to verify the existence of
the predicted particles?

» Accelerators by accelerating and
colliding the particles allows the creation
of particles we couldn't observe
otherwise because they decay too fast.

"~ FORCE CARRIERS |

» High energy allows to create high mass
particles

LEPTONS

Most of them observed in the past : USA
(Tevatron, SLAC), CERN (SPS + LEP).

State of observation before LHC starts.

 What is left to be answered?

ELECTRON
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Accelerators : why?

To be answered :

e the Higgs prediction : (flashback before 2012) last particle predicted by the SM
with the Higgs field, responsible for the mass of all particles. ﬁ
But hasn't been observed yet : Does it exist? What are the properties? I
Should we look for another mass explanation? o sosen

« Matter-antimatter : there should be in equal amount, but the matter dominates.
We have upper limit on amount of anti matter from gamma-rays and cosmic microwave
background.

 dark matter : cosmo and astro observations showed that all visible matter ~ 4% of the
Universe. Search for particle or explanation responsible for dark matter (23%,
supersymmetric particles?) and dark energy (73%).

« force unification : how does gravity fit into the picture?
SM does not offer a unified description of all fundamental forces : gravity cannot be described
like the 3 others. Supersymmetry (with massive partner for SM particles?)

» Quark-Gluon plasma : a window to the early stage of our universe.

After the Big Bang, the Universe went through a stage where matter existed as a hot dense
soup of elementary particles. Cooling — quarks trapped (confinement).

Can reproduce the QGP by colliding heavy ions. T ~ 1M * Tsun
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Accelerators : why?

Broadest scale
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Accelerators : why?

Interesting = rare , heavy = energy
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Accelerators : why?
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Accelerators : why?

Interesting = rare , heavy = energy

Fermilab SSC

CERN l LHCl  The interesting processes are rare = small

cross section = small probability to happen.

* The cross sections of the production of

1mb - those interesting events containing heavy
L particles increases dramatically with the
L energy at the center of the collision.

Tub o

jet Jet
E>0.25TeV

Types :

hadrons -> highest energy but initial state not
precisely known due to proton being a
composite particle from quarks and gluons

o —»fv) CDF (p p)
1nb | e

= (Té'g“(mg = 500 GeV)
Oit

M= 175 GeV

Tpb - |11H=(1705|Ge\/

(OF3

m_,= 1TeV

0] Higgs
e my, = 500 GeV

o (proton - proton)
Events / sec for £ = ‘|0340m'2 sec'1

1108 leptons -> for precision physics since initial
state of collision known precisely. But

. energy not so high.

0.001 0.01 0.1 1.0 10 100
Vs TeV 8
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Accelerators : what?

Very first ones :

Electrostatic field do not change with
time. Disadvantage = large electric
field needed to accelerate particles to
experimentally useful E.

And later :

Oscillating : require fields that
periodically change with the time.
— acceleration to extreme high E

i
IR

Van de Graff
1931

2MeV
Cockcroft-Walton

1932 9
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Linear Accelerators

LINAC

Basic principles of LinAcs unchanged since Wilderoe (1920’s)

« Alternative current (periodically reversed flow of electric charge) and series of drift tubes.

— particle accelerated during a peak of voltage and hidden in drift tube during anti peak to avoid come
back to starting point

* As particle get faster the drift tube need to get longer : length is one limiting factor for high energies

Largest LINAC at SLAC US : 3.2km, e and e*, 50 GeV

- 11;- - 12—)- 13 '|_4

LINAC 4 being build at CERN

U

Need to synchronize between particle speed and electrical field.

Synchronous phase — creation of bunches of particles. 0
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Linear Accelerators

LINAC

As v ~ speed of light the switching rate of the electric fields becomes so high that they operate at

particle

radio frequencies and so resonant microwave cavities are used in higher energy machines instead of
simple drift tubes.

TRFVolt
SRS A particle

i pjartscle- which arrives A particle ®)

which arrives which

early will see arrives late
smaller RF will see a
oltage larger RF

voltage

RF cavities at LHC

Time _

3 L

''''''
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Cyclotron

Cyclotron

First cyclotron: E.Lawrence in the 30's
2 D-shape electrodes alternatively
charged by oscillator.

* Principle : magnetic field applied
perpendicular to the plane of motion of
an accelerated patrticle.

— even more accelerated

« Constant magnetic field.

» Classical mechanics. 25 GeV max!

Improvement

Take into account the effects of relativity on
mass of particles approaching the speed of
light .

— 1945, called Microtron.

12

Ludivine Ceard , CP3, Petnica 2014



Synchrotron

Synchrotron Synchrotron radiation
* Idea = keep the accelerated N a—
particles on a constant orbital L _

radius. L

bending magnet

» Synchronize the B with the energy
of the accelerated particles.

electron beam

e First in 1954. Many since!

* An electromagnetic radiation
emitted by an accelerated particle
eERS BT with v ~c and a trajectory bended by
a magnetic field.

THE PRINCIPAL MACHINE COMPONENTS OF AN ACCELERATOR

* Synchrotron radiation :
energy loss ~ 1/mass*

WVACLILIM CHAMBER —

-
IMIECTION

»

- COLLISIONS - -
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Synchrotron

Notation Vs = blabla eV

Beam energies
1.) reminder of some relativistic formula

4

total energy E’= p2C2 + ??IUEL‘

— cp=«\/E2 —mgc* =J(}'mocz)2— (mﬂcz)z =+y" —1myc?

. 2 Proton-antiproton collider
—  p=yB¥mc Tevatron (1980s-2010)
2.) energy balance of colliding particles

. 2
rest energy of a particle EDE — (mnCZ) —E2_ pzcz

in exactly the same way we define a center of mass energy of a system of particles:

-(35)(37)

2

Proton-antiproton collider
Tevatron (1980s-2010)

 Creates antiprotons by
colliding protons on Ni
Target

« Highest energy

achieved with particle

against anti-particle:
1.96 TeV

 But difficulties to

produce and store them
Solution =

proton against proton

14
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e LHC-b
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CERN's accelerators complex Y

CMS
— P ——44-
LHC
; . North Area
ALICE o LHC-b
SPS ' T8
v
mo
ATLAS CNGS
West Area \. towards
| ' Gran Sasso
, TT60
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S B > |
= (1978) % S CTF3
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CERN's accelerators complex Y

CMS
4
LHC
; | ~. North Area
ALICE o LHC-b
SPS ' TI8
Ti2
s ATLAS CNGS
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' TT60

(1972)

e -
! S m

T BOOSTER _isoLoe R AT
2 50 MeV IR e I
e LINAC 277 PS |
(1978) bigaiEs
LINAC 3 < y--pr=zzzze >
lons & 3 f LEIR
e Po*
p protons P antiprotons  AD Antiproton Decelerator LHC Large Hadron Collider
p ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight
B neutrons p neutrinos SPS Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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CERN's accelerators complex Y

CMS
4
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ALICE o LHC-b
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(1972)
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p ions D electrons PS Proton Synchrotron n-ToF Neutron Time of Flight

b neutrons p neutrinos SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso CTF3 CLIC Test Facility 3
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CERN's accelerators complex Y

8 -
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26 GeV to 450 GeV LHC-b
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CERN's accelerators complex Y

CMS

450 GeV to 4 TeV (2008)
LHC former LEP
2 | | | tunnel 1989
2 beam pipes of the LHC opposite clockwise. .
/ 4 min 20 seconds to fill each LHC ring Gl \ L North Area
ALICE beams cicuiate for hours 26 GeV to 450 GeV LHC-b
v. —
o =%,
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B neutrons p neutrinos SPS Super Proton Synchrotron ~ CNGS CERN Neutrinos Gran Sasso
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lons acceleration

CMS

S (2008)

LHC former LEP
tunnel 1989

/ et North Area
LHC-b
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TI2 / -
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AD . : — e (1976) Gran Sasso
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~——= -
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ighly purified lead sample heatedto — ! : =
500°C. Lead vapour is ionized by an m . = CH— e nergypernucleon
electron current. - selection Pb29+ . Py A '
Acceleration to 4.2 MeV/u + carbonfoil C 27" - PS )
- Pbs4+ . CTF3
N ¢ 4
: (1959) o

LEIR  Pbsa+ beam is accumulated, then accelerated
+ to 72 MeV/u in the Low Energy lon Ring (LEIR)
P (199,

(1994) LINACS = @
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p protons 4 Mntipmto on Collider
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22

Ludivine Ceard , CP3, Petnica 2014



Technology challenges Y

Numbers!

Several thousand billion protons
99.9999991% of light speed
Orbit 27km ring

1 turn : 11 000 times/second

A billion collisions a second

The beam vacuum pressure : 1013 atm, to avoid collisions with gas molecules :

vacuum similar to interplanetary space:
pressure in the beam-pipes will be ten times lower than on the Moon

: Beams squeezed to about 16 pm (a human hair is about 50 pum thick).

-
e LN L RN R R RN RN LR RN RN RN RN LRI NR]] L

LHC 1.9 degrees above absolute zero = - 271 C
Outer space 2.7 degrees above zero = - 270 C

l The total energy in each beam at maximum energy is about 350 MJ, which is about as :
. energetic as a 400 tonnes train, like the French TGV, traveling at 150 km/h. :
1

1

; This is enough energy to melt around 500 kg of copper.
""""""""""""""""""""""""""""""""""""""""""" 23
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Technology challenge Y

Dipole magnets

To guide the accelerated protons :

7000 GeV Proton storage ring

dlpOIe magnetS N = 1232 quadrupele  dipole decapole quadrupole large sextupole quadrupole
| =15 m magnet magnets  MAgnews nmgnvit :jfm-n mngiﬂ

g=+1le ] e s * -
Example LHC: U}"“T ! ' .] ]

small sextupaole
corrector magnets

|4 = |
J'B‘ dl=NIB=2n P"’E LHC Céll - Length about 110 m (schematic layout)

9
B~ 2z 7000 10°eV _ 8.3 Tesla

1232 15m 3 10° 2 ¢
)

— more than 100,000 times
more powerful than the Earth’s
magnetic field!

Designed for 14 TeV.

24
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More on Magnets

How do they do?

« LHC dipoles use niobium-titanium (NbTi) cables, which become
superconducting below a temperature of 10 K (-263.2°C)

— conduct electricity without resistance.

 LHC operate at 1.9 K

« Current of 11 850 A flows in the dipoles, to create the high
magnetic field of 8.33 T

LHC DIPOLE : STANDARD CROSS SECTION

Heat ﬂgjadrupule
exchanger e
Beam pipe , &Ipﬁﬁ_‘;ﬁsﬂﬂﬁl‘ﬂ
{10 H2Im?) %
y b Collars
Vacuum X -
vessel (105 = EEE““E'"M
mbar) ]
T
Iron 5 /& Dipole
yoke bus-bars
Thermal & - L~15m
shield ) - 83T, 11.87 KA

T=19K, ~27.5ton
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The LHC story

Past

10 September 2008 : first beam!
19 September 2008 : LHC accident , faulty electrical bus connection — release of He - damages

November 2009 : 1.18 TeV per beam

30 March 2010 . first collisions! at 7 TeV!

Ap 2010 — Nov 2011 : p-p coll. at 7TeV Nov 2011-Dec 2011 : Pb-Pb coll. at 2.76 TeV/u

Ap 2012 -Dec 2012 : p-p coll. at 8TeV Jan 2013- Feb 2013 : p-Pb coll. at5.02 TeV/u
Future

13-14 TeV collision energy

\ injector \
8 TeV splice UpgranE Eolin  HL-LHC i
consolidation cryogenics regions installation I ..
Point 4
o[ v ] o] wo] ] o] ]| o] emo] | wal =
. dispersion
button collimators, suppression
R2E project collimation,
R2E project _ o
bl experiment beam experiment 2 x nominal luminosity | experiment
nomina : nominal luminosity upgrade } | upgrade
luminosity \ pipe =1\ p?l%sel 3 &
70% radiation

We are here : Long ShutDown 26
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Luminosity

frev Dpunch N 2 .
L= — revolving frequency: f  =11245.5/s

4O O #bunches: n, ., =2808
Yy #protons / bunch: N = 1.15 x 10"
Area of beams: 410,6,~40 um

Timeseries Chart between 2010-07-29 07:00:00 and 2010-08-09 07:00:00 (LOCAL_TIME)

o ALICELUM|_TOT_INST == ATLAS:LUMI_TOT_INST CMS:LUMI_TOT_INST ~+~ LHCB:LUNIL_TOT_INST

Instantaneous versus time

‘ | / Unit: cm?2 st

1
‘1

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

/
} N T 25 25
| ‘ “ -

l | | ‘e = 2010, 7 TeV, 44.2 pb ' w=m= 2011, 7 TeV, 6.1 fb ! === 2012, 8 TeV,23.31 !
1 | | i h=)
{ } i 220 120
‘0
[r— 4 s S o
NNRID 00 DRG0 0-MG-2010 GRG0 M-AIQ-2010  0S-M2M0  O5-A-ION0  7-Aug-200  0B-AIG2010  0-Aug-201D c
LOCAL TIME é 15} 115
=
-
°
£ 10} 110
g
)]
[J]
£
= 5 x 100 1?
S
)
-]
2 _/
0 - = “. ?‘ - - “. Q. - 0
e a O e 4 &' O e (4
\‘\" 4 ) \‘9 \‘0 .‘\‘\ ) \‘9 .\'0

\‘\\)“ \‘909 \‘0
Date (UTC)

Integrated versus time 1 barn =102 cm'227
cm? — barn

30-Jul-2010 31-Jul-2010 01-Aug-2010  02-Aug-2010  03-Aug-2010 0 05-Aug-2010  06-Aug-2010  07-Aug-2000  0B-Aug-2010  03-Aug-2010
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Luminosity

L= NsﬂﬁfrwyF _
dre B

Accelerator features
Energy of the machine 7 TeV
Length of the machine 27 km

Beam intensity features

N, Number of particles per bunch 1.15x10'
n, Number of bunches ~2808

Beam geomet"i'”y features

Nominal |Umin05ity: 1034 cm-z 5—1 £, Size of the beam from injectors: 3.75 mm mrad

(considered very challenging in the 90's, B” Squeeze of the beam in IP (LHC optics): 55 cm
pushed up to compete with SuperconductingSuperCollider) F: geometry reduction factor: 0.84

28
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Luminosity

I = sznbﬁwyF=

dre [ '
7
Nommal |September 2012 Gam L | Ultimate Gam L
Ny,  (adim) 1.1SE+11| 1.55E+11 182 | 1.7E+11 22
€, (mrad) 3.75E-06 2.5E-06 1.50 3.75E-06 1.0
np (adm) 2808 1380 0.49 2808 1.0
B (m) 0.55 0.60 0.92 0.55 1.0
E (TeV) 7.0 4.0 0.57 7.0 1.0
L (cm”s?) 1.0E+34|  7.0E+33 070 | 22E+34 22
Pie-up* (adm) 25 36 55
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@@PERL@M P”e'Up

Price to pay for luminosity!

Pile Up is the number of pp collisions in 1 bunch crossing.
Characterized by several primary vertices (hard process spot).

Facility VS [TeV] | Oiper (mb] | L [10% em™2s™1 ] | 7 [ns] | < N, > | < N, > +20
LHC (2012) 8 71.5 7D 50 27 38
LHC (nominal) 14 76 1 25 19 28
LHC (50 ns) 14 76 1 50 38 50

CMS Average Pileup, pp, 2012, Vs = 8 TeV

\ 60
<u> =21

B

Recorded Luminosity (pb~'/0.04)
w

[ Event with 29 reconstructed vertices J

30

0 o
(\) % A0 \f) 10 qf) 20 3‘) )
Mean number of interactions per crossing
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@ATLAS

EXPERIMENT

Calorimeters,

Shielding Yoke Trackerl
plate Coil I

N ot :
RICH- r |
Electromagnetic Calorimeters 4[:] 5 L | £ N,g
% 1
Solenoid Forward Calorimeters
E p Toroid

TIE

1 Lsien wxoe trea 2% samisey 3088

2ol Gran Sasso

T2

ISOLDE

East Area

n-ToF

1958 (628 m)

LINAC 2

neutrons 4
L eir
2005 (78 m)

LINAC 3
lons

31

Ludivine Ceard , CP3, Petnica 2014



A collision in CMS |

CMS Expenment at the LHC, CEEN C \1“'1
Mon 2009-Dec-14 04:42:31 CET g
Run 124120 Event 4826255 == /]
C.OM. Energy 2.36 TeVj am

32
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Coordinates

As a consequence of the collision kinematic, the visible pZ is not known.
Only the conservation of the transverse momentum pT can be used.

Use relativistic cylindrical coordinates

=0
1, E+ (V)
y=§lnE Pz =="r]=—ln(tan3] 1

rapidity is Lorentz ~Pz \ 0290° 1nN=0.88
invariant N /

in massless approximation 0=45°

pseudo rapidity ~ rapidity

Le=1ow” —244
=02 » Tl =00

. Typical inputs of
o1 4-vector:

33
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Data taking

The LHC computing GRID

« Number of collisions 2 levels of Trigger for each exp :

more than 500 Millions per second ~ 20 MHz * Low level trigger 10.0 kHz in the
cavern, 20 us to decide -

 The LHC experiments represent about 150 million storage underground
sensors delivering  HLT 600 Hz, 100 ms to decide
data 40 million times per second. — storage on the ground — TO
« After filtering there will be about
100 collisions of interest per second. Tier-2 sites

ﬁ (about 160) jﬁ
» The data flow from all four experiments will be wiif Tier-1 sites

about 700 MB/s ~15 PB per year
~ a stack of CDs about 20 km tall each year.

« Enormous amount of data will be accessed and %
analyzed by thousands of scientists %
around the world. :

* LHC Computing Grid built and maintain a data
storage and analysis infrastructure for the entire
high-energy physics community that will use the
LHC.
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The Grid

Running jobs: 236092

Transfer rate: 11.41 GiB/sec

tate Geographer

Basis-DE/BKG

PNOARRUISNavysNGA, GEBCO

By 2012 data from over 3*10“LHC
proton-proton collisions had been analyzed.
LHC collision data was being produced at
approximately 25 petabytes per year, and
the LHC Computing Grid had become the
world's largest computing grid comprising
over 170 computing facilities in a worldwide
network across 36 countries
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The structure of an event : pdfs

Initia”g two beam Particle.s are c.oming

in towards each other. Norma"g each

Partidc is characterized l:y asetof H1 and ZEUS Combined PDF Fit
parton distributions, which defines the - T 0%= 10 GeV? |2
Partonic substructure in terms of _ E
flavour composition and energy 08 — HERATFIIR02 (prel ) .
. . . | - exp. uncert. ]
p 5]'1:ar|ng.T|'1|5 determines the energy of
_ maodel uncert. |
the interacting partons (x, ;) p/p i = w‘lmtrila:w“ wncerr, X ] g
-
ol z
xg (x 0.05) g
' 18
for most processes LHC is mainly a gg collider. <
| 18
10 1w 10 10 1
o(p1(P1) + p2(P2) =+ Y + X + Rest) %

1 1
= / dl‘{]_ / dl‘{g E Ff(xl)Ff(ngﬂ'(ql (X]_P} + qg(}ch) — Y — X — RESt)
(0] 0 £

Partonic cross section : phase
Incoming beams : space * matrix element
parton density (measured)
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The structure of an event : pdfs

H1 and ZEUS Combined PDF Fit

% o . 2
' =10 GeV? S
i
n.s: —— HERAPDF0.2 (prel.)
- exp. uncert. ]
P D/ﬁ maodel uncert. xu, in.
sick [ parametrization uncert. _;E
 xg (% 0.05) ‘E
for most processes LHC is mainly a gg collider. ;
z
(i w? i 1
o(p1(P1) + p2(P2) = Y + X 4 Rest) X

1 1
= / dl‘{]_ / dl‘{g E Ff(xl)Ff(ngﬂ'(ql (X]_P} + qg(}ch) — Y — X — RESt)
(0] 0 £

Partonic cross section : phase
Incoming beams : space * matrix element

parton density (measured) 37
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The structure of an event . hard process

— One inc:oming Parton from each of the protons
enters the hard process, where then a number of
outgoing Particlﬁs are Produccd. It is the nature

of this process that determines the main
characteristics of the event.

Hard subprocess described by Matrix Elements

38
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CMS Preliminary
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!Ill

CMS Preliminary, \'s =7 TeV
Lipe=3.1pb™
6 =70 MeVic®
ml<1

1

10

+1. 2 2
u'n- mass (GeV/c?)

The hard process may produce a set of

w5 short-lived resonances, like the Z°%W+*gauge

bosons.

39
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The structure of an event : ISR

+

5
lliiiit#i".

.
-

So0YP G
':-,'.'i'i'll'l'.w

QOO0 00 L.
ool
d’®

’
)
)
I,

#
l-..‘
)

p/p

One ﬁhawcr initiator Parton from cach bcarn may start off a sequence of
branchings, such as q—gg, which build up an initial-state shower.

Initial State Radiation
40
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The structure of an event : FSR

50% C
;-r.!l-‘lt‘lilll'ﬂm A
. O
‘ 00000000,

- (o i e, o
A Nr,
P/P

-
-

-

The outgoing partons may branc.h,J'ust like the incoming, did, to build up
final-state showers.
41

Final State radiations
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An event : underlying event - minimum bias

* Proton remnants ( in most cases coloured!) interact: Unclcr[ging event,
consist of low PT o]:)jc:cts-

e There are events without a hard collision ( clcpenclent on pT cuto{:{:) ) those are called
minimum bias
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An event : hadronization

Jets :
Quarks and gluon in the detector cannot be observed as free particles but as many
Hadrons and in the detector as a jet of particle in a narrow cone.

Jet

b

b \/
: Jets make this
correspondence Hadrons are
s.' clustered
5 together to
. make jets
i i
|‘ Z0 1T
I|
|
j’
What we calculate What we measure
43
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An event : hadronization @APE%E

Jets :

Quarks and gluon in the detector cannot be observed as free particles but as many
Hadrons and in the detector as a jet of particles in a narrow cone.

14 EXPERIMENT

Run Number: 152166, Event Number: 810258

Hadrons are
Date: 2010-03-30 14:56:29 CEST
clustered

together to

make jets — Di-jet Event at 7 TeV

44
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QCD and consequences

: A cross section : o = N/L
Represents a probability that an event will occur /

: N is the number of events
¢ Lis the total integrated luminosity

: Given a fixed luminosity, you expect :

10° 10° E X number of Z-boson events, Y humber of tt events
L . = Z number of Higgs events
10 2 10 = All have different cross sections
R R I RER RN R RN NN A RN RN RN RN RN H

High-p; QCD jets 9 T'H d
9 q
W,Z q; W,Z
q

o Higgs m,=150 6eV 9| H_

¢ (nb)

vents/sec for

; e A I
10°* | |ﬂashback 2009 | g ,
10.'. GHW(MH =150 GEV}
il o s wweent® B Y PR ool o g —(
- . 10 = d.g pairs m~ 1 TeV qa _
Vs (TeV) g q
45

Light objects cannot be observed in fully
hadronic state — need an isolated lepton Ludivine Ceard . CP3 . Petnica 2014




Analysis of the data

The Final State investigation

» We can only observe the final state of the particles in the detectors : e, |, y and hadrons
* \We can only reconstruct those final state objects from theirs signatures/tracks left in the

detectors
| | | |
om im 2m am
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

; Electromagnetic
}'! I ' Calorimeter

Hadran Suparconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

T By, CERM, Felnacmry 2004
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Analysis of the data

The Final State investigation

ul | | 3|
m m 2 m
Key: "

Muon

Electron

Charged Hadron (e.g. Fion)

— — — - Neutral Hadron (e.g. Neutron)

type [tracking ECAL JHCAL ] MUON

----- Photon ¥ ,,E
e —_— _€
(LA B
e 1]
""lllll
” Jet —*—é %
Silicon
Tracker Et
miss
3 Electromaqnetic % |
}.!]l Calorimeter Il1E3
Hadron Superconducting ﬁ'
Calorimeter Solenoid %
Iran return yoke interspersed f
Transverse slice with Muon chambers 2
through CMS [

MET = the negative the vector sum of all the transverse components of observed energy.

It Indicates the presence of weakly interacting particles, usually neutrinos, but possibly new
exotic objects that interact only weakly.

47
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An analysis

Definition of Signal :

* The Signal is the process we want to observe = the final State we are looking for in the

detector.

So selection of 2 pin the data. == =2 FE TS

+ comparison to the simulation of Z - yu
process via MonteCarlo.

Definition of Background :

« All other processes that give the same final state or
“mimic” the same final state :

since the objects (like muons here) are reconstructed
from the detector info, there can be sometimes
mis-reconstruction of the object.

* To evaluate the shape of those background we use

MC simulations of those bck processes.

So the data selected <=> the signal + the background
that couldn't be avoided to be selected at the same time.

c 108 5

o det=4.5 o' at Vs=7Tev CMS 3

o 107 -

Q 3

N .6 ® Data ]

E‘ LI yZ—pun 3

w 1¢° M y/Z—-Tw

B Ew :

10* M faw+dw

B QCD 3

3

E

E

1.5F ]

E 1 |o—0--0-0-0-0000umIBNFURANIOOC, .’fﬂ‘_*_‘_

® 0.5 i
(]

15 30 60 120 240 600 1500

Set up of cuts on the properties of the objects :

m [GeV]

Cuts on object properties (pT, @, n, E , MET) are decided to keep max of signal while

removing max of background.
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Monte Carlo Simulation

Simulation of collisions between particles, used in all p.physics experiments :

Reality Virtual Reality MEM : hard process
' ' Resonances (like Z-> ee)
Particle collider Event Generator Showering : ISR, FSR

LHC Pythia, Herwig Underlying events

4 vectors final state hadrons Hadronisation of g and g
_ y 3
Detector, DAQ Detector Simulation _ _ _ _
ATLAS Geant4 trigger, tracking, calorimeter sim

. AnalysSis objects 1 e, b
MC Tmple same forfMat trrn data sessss=ppe- + generated (truth info)

Event Reconstruction = Reco and Gen objects
Athena

| We can simulate the events Standard Model like.
l But also according to other non verified assumptions!

Physics Analysis
ROOT Y S 1
- The cross section calculation may be: |

- Wrong, Incomplete, Inaccurate
MC is not the truth ! - The MC code with unknown bugs in it
What happened in the MC generator didn't happen at the LHC E'é%?}eéac’lrc?ﬁ;é%”e(:t'ons which have not
The MC s our best guess Cannot account for all detector effects
The MC only simulates specific physics processes

— when possible comparison of the data with different type of generators 49
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An analysis

Which quantities we are looking at :

Standard Model Physics :

 check of well known quantities and comparison with the MC to get confidence in our
measurement (mass of Z for eg)

 check of kinematics variables : pT of objects, combined mass of system (several jets
together), MET, Number of jets in the event, angular distribution

« calculation of the cross sections

Searches: the cross-section

* quantities where some deviation from the SM prediction numbert contamnation
IS expected (thank you theorists) = the sample
we look at the data and at the Standard Model MC simulation : \ /

can be a prove of new physics. oussection 7 Nobs = Npig

* Invariant mass for possible unknown resonances e [Ldt

See Higgs example!! \

g g p analysis efficiency delil\tjen:;rc]lotiityLHc

Errors : € =& " Ereco " EID - Esel Y
Stat|St|CaI , SyStematlcaI 1 barn = 107% m® = 107" cm?

Efficiencies, purity ...

50
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@ATLAS

EXPERIMENT

Calorimeters,

Shielding Yoke Trackerl
plate Coil I

N ot :
RICH- r |
Electromagnetic Calorimeters 4[:] 5 L | £ N,g
% 1
Solenoid Forward Calorimeters
E p Toroid

TIE

1 Lsien wxoe trea 2% samisey 3088

2ol Gran Sasso

T2

ISOLDE

East Area

n-ToF

1958 (628 m)

LINAC 2

neutrons 4
L eir
2005 (78 m)

LINAC 3
lons
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Let's see what people are really doing as Physics at the LHC.

« CMS : Compact Muon Solenoid

* A SMP Analysis from head to toe : the Zbb analysis example

« ATLAS : A Toroidal LHC ApparatuS
« Search and found for the Higgs into 4 leptons

e The Higgs discovery

 Exotic and SUSY searches

 Exotic : the example of the Z' particle search
« Status of Exotica and Susy (for experimentalists)

* LHCb
« The Bg _  result

 ALICE
52
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/13 layers in the central region
CMS DETECTOR STEEL RETURN YOKE resolution 10 pm and 14 layers in the endcaps

Total weight : 14,000 tonnes Ayl tenee SILICON TRACKERS resistant to radiation silicon

: < Pixel {100x150 pm) ~16m* ~66M channels
Ol Gl Microstrips (80x180 pm) ~200m* ~9.6M channels
Overall length  :28.7m ;

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Miobium titanium coil carrying ~ 18,0004

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Besistive Plate Chambers

PRESHOWER
Silicon strips ~16m® ~ 137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

high pseudorapidity region
(3.0 < |n| < 5.0)

\““‘

|||||||“'"""""I."“"'""“"“lh :
"
LA LITTS L
(L] 'l,,,' |
)
¢

v

3

ideal for stopping high energy particles.
scintillates when electrons and photons pass. | 1
through it — produces light in proportion d,..-—-""'vt %
H i) B -
the particle’s energy. CRYSTAL ]

ELECTROMAGNETIC
CALORIMETER (ECAL)

‘extremely dense but optically clear material | \‘ )
—

n,
1y !
4y, (1]
’ "
"""llv'|l||||||||||||||||||||lll"""‘

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7 000 channels
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http://en.wikipedia.org/wiki/Scintillator
http://en.wikipedia.org/wiki/Pseudorapidity

CMS + SMP analysis : Zbb

Motivations: why Zbb?
® Z+b-jets is background for many searches for undiscovered processes:

T T T T | T T T T T
= CMS Preliminar ® Data
300 5=7Tev, L:S,Dﬂ:!i': —— VH{125 GeV)

* SM Scalar:  Z(ll) H(bb) _ |
H - Z(ll) Z(bb) L L

* BSM Scalar: H-Z(ll) A(bb) 2HDM/Susy-like 20) +

Evets f15.0

[ I +udscg
I w+bb
5

150

2 Understand Z+b-jets process
Study kinematics 100

wn
(=]

® Test of perturbative QCD ...or which way to compute reality
IS better

Data/MC
[ I & o B % B |

=

50 100 150 200 250

L=l

4 flavor scheme g 0 Q ——(VV\Z 5 iflavor scheme
Massive b v Splitting inside PDF
Full event description 4 Massless b
MadGraph+aMC@NLO o MadGraph
g Q g9 Tooo——C()
> Study Z+bb production as function of number of b-jet , 1 or 2 >4
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Zbb Signal and backgrounds

Partial Luminosity 2011 : 2.1 fb? at 7 TeV
Also an analysis with full Lumi 2011 5.0 fb™* but more

Signal: complicated.
Z+1b=oneZ+exactly 1 b-jet (exclusive) = 1 step in the analysis
Z+2b=o0oneZ+atleast 2 b-jets (inclusive) = next step in the analysis

Phase space:

Jets

CMS
. _ Vs =7 TeV,L=2.1fb"
Z -1l b-tagged jets
* | = p/e, isolated - anti kT, AR = 0.5
* pt > 20 GeV * pt> 25 GeV
‘In|<24 ‘Inl<21

3 Backgrounds:

e Z+c and Z+| : because | and ¢ can be confused with b! 0 ! 2 rsdz.tm;m
e tt — W(I,v)b W(l,v)b same FS than signal + MET % ,’g;}
55
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Technically :data

This reconstruction has been done in several steps in TO then checked by poor shifters, validated,
moved to T1 — many people are involved in the collection and creation of one dataset.

CMS provides centrally sets of data for which all the events have been triggered by the
same characteristic : we know that in any case we want 2 electrons or 2 muons — we are
going to use the dataset triggered by DoubleEle trigger (with a certain energy so that they
are nicely reconstruct), and DoubleMu.

In this dataset = for one event all the objects present have been reconstructed :
object electrons and muons with all their characteristics : pT, n, @, E
jets reconstructed with different algorithms and all char.

First step = create a skim of this huuuuge dataset by putting some of your mandatory
requirement in a code : here we want a Z so the combination of the 2 leptons must have
an invariant mass around the nominal mass of the Z (90 Gev) —» 60 and 120 GeV.

We can also here ask for one jet. And we can start to identify the jets that can be b jets.

=) Use the Grid to send your jobs on T2

wer = (S8 - [ S

where Invariant Mass

147 is the invariant mass of the system of particles, equal to the mass of the decay particle.
E Flis the sum of the energies of the particles

Z P is the vector sum of the momentum of the particles (includes both magnitude and direction of the momenta) 56
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Zbb : b-tagging

CMS Experiment at LHC,|CERN

E Data Recorded: Sat Apr 24 08:31:20 2010 CEST ' (eimmmsimmmiiimmmsmmmrm———————— -
|| Lumi section: 795 ray i :
||Run [ Event : 133874 / 64064942 S bbbatevent__

* B hadron longer time of flight

* Reconstruction of a second
vertex with dedicated algorithm
-> Distance from primary
vertex = dO
-> Mass

* Displaced tracks

57
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Zbb : b-tagging

® Track-counting (TC): tracks ordered by IP
High-Eff (HE) = 2nd track,
High-Pur (HP) = 3rd track.

® Simple Secondary Vertex (SSV): at least
2 (High-Eff) or “sign”
3 (High-Pur) tracks in vertex fit.

Impact

Primary Parameter
Yertex
Working point Requirement Discriminant Cut
SSVHEM One secondary vertex with > 2 tracks Log(1 + dy ) 1.74
SSVHPT One secondary vertex with > 3 tracks 8 a0 2.0
CMS Preliminary, /5 = 7 TeV/ B 20D b aark)
= [ OCD b from gluon split)
351]0:— [ QCD fc quark)
g I OCO {uds quark & g) . . . o
o~ dO/o0 = flight distance significance
iE. Given by special b-tagging group
1.5F -«
iE |- it 58
1" Ut
0.5 y ; =
1 2 3 ] 5 [ )

SSVHE discriminator



CMS provides centrally MC simulation : remember those contain both Generated events
and Reconstructed event (just like if they had passed through the detector).

In this dataset = for one event all the objects present have been reconstructed :
object electrons and muons with all their characteristics : pT, n, @, E
jets reconstructed with different algorithms and all char.

First step = run the exact same code than for data before to create a skim of this huuuuge
dataset : you will end up with the same requirement on the Reco objects than for the data.

mmmmd Use the Grid to send your jobs on T2
mmmmdp Use PhD students to send the jobs and babysit them :)

Remember :you have to do it for the signal and all the backgrounds :

We used here Z + jets for : the signal Zb
And 2 backgrounds : Z+land Z + ¢

We used a ttbar sample for ttbar background.

And a ZZ sample for the ZZ background. >0
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Technically : data and MC

When all your jobs are finished and nice :

Step 2 = putting in place the analysis code with all the cuts and plot all the interesting

variables!
Z - 1 or 2 b-tagged jets
* 2| =ple, isolated * pt > 25 GeV
s pt > 20 GeV ‘Inf<21
‘Inf<24 - From algo with HEfficiencies
*60 <mll <120

* No overlap with leptons from the Z : dR > 0.5

mm) Since we run now on the smaller skim : possible to do it on the
university local server or Cern server.

Superimpose the data and the all the different MC : signal and
backgrounds.

Wait a second : did we get rid of all the background possible ? ...
mhum ...

60
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Z+C, Z+ud Sg CMS Preliminary, v = 7 TeV e e

I QCD (b quark)

R R 3 4000

= [T OCD ik from gluon split.)
351]0:— [ QCD fc quark)
= B CCD (uds quark & g)
e b-tagging: background reduction m: DONE in the
w500~ selection !
* Detached secondary vertex e
* High efficiency selection: 55 % 15 i T
ﬂ;§ ; I. : n - ItI n
0 T2 3 4 5 6 )

* 1% mistag

e background estimate

» Template fit to the Secondary Vertices Mass
- b purity
We evaluate what we
couldn't remove with
templates of shapes.

SSVHE discriminator

> 70_LIII||II|lIIlI IIII|IIII1[I\I|\IIIIIIIIlIIIIlIIIJ_
CE CMS Preliminary ]
o anf \Vs=7TeV,L=21"1b"
Q 60F -
S t Dilepton sample
€ 50 -
e $0uta
w 40 Wi jets A
- [ejets :
30 * Mojets ]
201 -
10F -
00 05 1 15 2 25 3 35 4 45 5
Secondary vertex mass of sub-leading jet (GeV) 61
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Background: ttbar

e tthar reduction:

Z mass window MET criterium
« 76 <m, < 106 (GeV) * MET <50 GeV
3 fEE T 3 T G rmy
O |fe=7Tev,L=221" S120F VS=7TeV, L=21 fb'
:53_, 10° g= E L i
= - u —4— Data e — L —a— Data 4
et I B z+ ] S100F i B Z. ]
w 1 [zZ+c . > - ' [ Z+c .
1 = Z+b 1 w C + . E;‘E;h 1
' st 7 80 . 0z -
1 : i ' ]
102F : l - 60 : T
C 1 ] ] ]
] 40 +| _
; : ]
. ] . 20 .
1 i ]
L1 11 I | I | I | I | I L1 1 1 | L1l | L1 1 1
| 1 NI P P H
60 70 80 gg”ept?:m;;;{zee\})m 0020 201 60 80 100120 40 160 180 20¢
o 1 5: : | Er:iss I:GEV:I-
S pbpibiaadgeed tiiagagdt Q g f T T
g o5 % a2 *I
60 70 80 90 100 110 120 8 05p—rei e R b
Dilepton mass (GeV) %20 40 60 80 100 120 140 160 180 20(
ET™ (GeV)
! IS | i | .. .
Let's do this in the Selection ! Let's do this in the Selection !
e tthar estimate: fit to m from templates 62
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CMS Experiment at LHC, CERN
Data recorded: Tue Oct 26 13:43:07 2010 CEST
Run/Event: 149003 / 47711105
Lumi section: 97

Drbit/Crossing: 25268370 / 2953

| Run | 149003 | Event | 47711105 | LumiBlock | 97 | Object Mass (GeV)
Object [ pr (GeV) | 7 P SSVHE | SSVAP My (GeV) 102.4
et 241 153 -2.06 3.7 317 Mpp (GeV) 454 4 63
jet 2 213 1.46 0.65 2.45 2.45
jet3 40.2 -0.05 1.34 -1 1 Mzpp (GeV) 628
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Events/0.2 rad

Data/MC

—i
=]
(=]

Eos
[=]

o
(=]
T

(=2}
(=
T T

’_I T ICI“SI I.PrIGIIiI!r.Iir;alryl | T 15T T F 1
C \s=7TeV,L=2.11b"

Momentum distributions :

« Slightly harder spectrum for data

than MC at LO
— NLO to be considered

Angular distributions :

» General reasonable agreement
data/MC (MadGraph)

* MPI contribution reasonably
modeled from low values of AQ, o

I|III|III|III|III|III|I_
CMS
fs=7TeV,L=2.21b"
—— Data

I Z+1 i
[ zZ+c ]
O Z+b

Events/10GeV

Dilepton P, (GeV)

(@] E T
1.5
= 1E wionrzizd . itlio i
I Es ¥iv ™7 " b i t
8 03¢ E
0 20 40 60 80 100120 140 160 180 200
Dilepton p,. (GeV) 4
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Calculation of a o

We need to have access at the number of Signal events =
Number of data selected — number of background events we couldn't eliminate

Background corrected signal yield (Z+1/2b)
We evaluated

this : N  Z+1/2b = N

\ sig rec
\ . fbb: b-event purity

-, ttbar fraction
Directly from / N_-: number of ZZ events

£*/zb = (fbb B tt) - sz

MC survival i i o .
events Unfolding, with expected efficiencies: _
' Still a lot of
Ngen2+1f2b = g*g g A NsigZ+1f2b work to
evaluate those
- Correct for efficiencies using MC corrections!

- Taking into account lepton/b-tag/PU data/MC scale factors
- Using matrix equations to take into account 2b—> 1b migrations

65
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Unfolding and Results

Unfolding:
=> # reconstructed b-jets — # hadron-level b-jets
Z+1b NZ e
o ) :%XA'le,Tlef_le;lx 8
o(Z +2b) Nz

Corrections for all efficiencies and acceptance
Cross sections:

e Results for ee and up channels compatible and combined in a single measurement

Cross sections at the particle level

Multiplicity bin Combination
O, aarontZt10,Z = 1l)(pb) 3.41+0.05 + 0.27 + 0.09
O, .aronZ+2b,Z - 11)(pb) 0.37 £0.02 £ 0.07 £ 0.02
O agron(£10,Z2 = 11)(pb) 3.78 £ 0.05 + 0.31 + 0.11

Measurement: a(Z(I)+2b) = 0.37 £ 0.02 (stat.) £ 0.07 (syst.) £0.02 (theory) pb
MadGraph expectation: a(Z(ll)+2b) = 0.33 £ 0.01 (stat) pb :

e Compatible with expectations from MadGraph 5 flavor corrected to NNLO 66
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_>

_>
+ 0.6 interactions —P»

Correlated sources

Fractional uncertainty (%)

b-tagging efficiency 10

b-jet purity 5.6 (ee+b) 4.6 (pp+b)
tt contribution 2.9

Jet energy scale 2.5
Luminosity 2.2

Jet energy resolution 0.5

Pile-up 1.5 (ee+b) 0.5 (up+b)
Mistagging rate 0.04

Theory (via Ay) by

Theory (via Cpadron) o
Uncorrelated sources ee+b up+b
Trigger and dilepton selection | 2

tt contribution 1.9 2.2
Experimental systematic 13.0 12.3
Theoretical systematic Jj:é J:g%
Statistical 2.2 1.7
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Feb 2014 VIS Preliminary

9 7 TeV CMS measurement (L < 5.0 fo”)
¢ 8 TeV CMS measurement (L < 19.6fb™)
—7 TeV Theory prediction

G [pD]
2,
Al
$

||||||||||||||||‘|||||||||||||||||‘|||||||||||||||||‘|||||||g
T

—8 TeV Theory prediction
“CMS 95%CL limit

—
(-
'

—_—r
o
w

—_
o

Production Cross Section,
=

—
Q

f“iiufﬂilulnnfuini"(T1Tduunufuni"(1iiﬁfl“"""fniuiuilffd““""T““("f1ﬁii1|"""1“"1 I ||||ﬂ | | ||I||I‘ L 111

W |21i|22j|231|24j| z |21j|22j|3_=~3j|24j|W1|Z~f Luw|wz|zzm|5§ﬁluw| it | 1j | 2 | 3 |t1{h|tw |1Hh|n~g |nz |ggH}§qB'_'T|VH|HH
Th. AG,, in exp. Ag
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Analysis Chain Summary

» Data : dataset associated to a fixed lumi and a certain trigger (preselection on data)
* MonteCarlo Simulation: Signal and Background

R

Skim
1™t selection
Definition of objects like Z

Some corrections
to MC to
reproduce better
those data :

\ PileUp
ControlPlots -«

Analysis code <« Reco Leptons
Final selectionsof object

Histogram production \ B-tagging
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YR ATLAS : A Toroidal LHC ApparatuS

Length : ~ 46 m
Radius : ~ 12 m 44m
Weight : ~ 7000 tons WS i —
~10% electronic channels -:
3000 km of cables

25m [\

o — e ¥

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion fracker
Semiconductor fracker
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@Qfgﬁﬁ ATLAS + Higgs Search (and found!)

H - ZZ - 4leptons

One of the most sensitive

o 1 L

channels. > VAL =

1= 18

: . Q T 2

It provides a rather clean final Q - ) 8

state signature. 2401 TT o5 tt _%
T L -

- S ) :
Final state fully reconstructed N S | .
Best mass resolution T | i
Low BR fraction (at low mass) m10°E E

> L :
2 [ i
T i
10°) l E
uy \ !

10-4 i \ | L1 1

90 200 300 400 1000

M, [GeV]
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ATLAS

EXPERIMENT

L ' I T ' '
— ATLAS Preliminary

pApete HU
& =7 TeV: |Ldt = 46 b

V& = B TeV: |Ldt = 20.7 fb"'

=
E|Eiagha] (m =125 GeV)

mzz
a0
&0
40
20 I L
0 60 80 100
m,, [GeVv]
> [T —
S1801 ATLAS Preliminary g
E‘l 60 C et sete E
S140F E=7TeV: P.m =46 1b" 3
- . 0 | -
I.IJ12ﬂ:_ 15 =8 TeV: |Ldt= 20.7 b E
r  +Data ]
100 —
- []Signal (m =125 GeV)
801 Wz 3
BOL BZ-+jets, E
% Syst.Unc. .
40F qy

H-> ZZ-> 4 leptons

=
{1531 g0

260 mzz ATLAS Preliminary

S140, B Iie oLy

7 bl & =7 TeV: [Ldt = 4.6 fb”
120-, N ne.  (5=8TeV:|Lat=2071b
100~

[T T T I
- = Daia
C Dgngnal th-I

25 GeV)

50 100
my, [GeV]
3180 o Data | L
o E DSII[]I"IB] (m =125 Ge\) .
160 gzz "  ATLAS Preliminary
£, . [ WZ+jets, wple'e rete .
I%‘ A0F;SystUne.  j5=7 Tev: ][Ldt — 48" 7
120 /& =8 TeV: | Ldt = 20.7 ib™
100 -
80 =
80¢ =
40t =

d 50 100
my, [GeV]

ll+uu background

control region:
isolation and IP significance
applied to the leading pair leptons
only

Good Agreement Data/MC

small signal contribution

ll+ee background

ATLAS Nikhef weekly - A. Salvucei
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A Hj A C
b @J@ﬂn’nﬁ%ﬁ H- 4 Ieptons

4y candidate with m,,= 125.1 GeV

(muons)= 36.1,47.5,26.4,71.7GeV m,,= 86.3 GeV, M= 31.6 GeV

Pr
15 reconstructed vertices

@ATLAS

EXPERIMENT
http://atlos.ch

Run: 284789
Ewvent: 7198630
Date: 2012-86-18
Time: 13:24:31 CEST
73
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@&ﬂ?ﬁ‘é H-> ZZ-> 4 leptons

Animated gif which is making my computer die!

74
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@&%@M Higgs discovery

Announcement the 4™ of July 2012

BEE ol sl el nad el FENS Ehe New Yotk Times
Top Newsstw

LHC claims new
particls
di

TRY & TMES DVGITAL SUBSCRIPTION: 4 yor s

For use in case of
50 Higgs discovery

1. Check label for
“Champagne”. (Do not
use “Cava”) Remove
protective cover.

2. Gently twist cork to T L
release fluid. (Aim away T
from face) N

HR, R

H
lgp and the holy grail of Physics

3. Apply fluid to
Champagne flutes.
Repeat until all flutes
are filled. D

a1 e — e
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More on Higgs discovery

How to observe the boson

Observe the Higgs == observe a clear excess with respect to the expected
background (predicted for a case with no Higgs)

= Several decay modes
E with different
I probabilities to happen
1 in function of the mass
10 F it could have.
T :
T
107 | =
10
20

76
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@Qfgéﬁ Higgs discovery

H->yy
Deviation from background B.
33500 - ATLAS | '4.' | Data N B = all standard mode_l processes
S 3000 Sig+Bkg Fit (m =126.5 GeV) that can lead to a YY final state
[7}]
=R e Bkg (4th order polynomial)
2 2500
L
2000 n Y

CMS \s=7TeV L=51fb'ys=8TeV,L=53"fb"
1500 l'fS=7 TeV, J.Ld't=48fb1 > RERE ‘IST T |e| T 'S e ]
[ I > - .
1000 {s=8 TeV, J.Ldt=5.91‘l‘.)’1 - O i 3 J Unweighted
500 H—yy 0 i 01500F
L .(a.) " 1 L L L " 1 L n L L 1 " L n L 1 L " L " 1 L L L L :1500
% 200 ' ' ' ' ' o [
= 100 c i
o 5 400 . ¢ . ¢ " o | = l%’ [
c = = 1 |
2 100 ¢ ¢ o 1000
it (b) ) I
-200 . . . . . c I |
100 110 120 130 140 150 160 .% -y
Data
my, [GeV] = 500 S
- B Fit Component
@ [ [t ’
%) | O +20 |
x D 1 1 | 1 1 1 L | [l 1 1 L | L [l 1 L | [l [l 1 1 | 1 [l
n 110 120 130 140 150
m,, (GeV)
77
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@Q&,&éﬁ Higgs discovery

Exclusion of the possibilities : Brazilian plot Ratio (1) between the observed o

Higgs signal ? and the o of the Standard Model with
the hypothesis of a Higgs of mass x.

CMSEreliminary (s=7TeV,L<5.1fb' ys=8TeV,L<12.2"

- T | 1
U% —=— Observed b q : | limits for th

- i observed experimental limits for the
B #55 Expected (68%) production of a Higgs of each possible

- 10kb @@ T Expected (95%) mass value

0 &

E = 1of ' - - =
= s | ATLAS 2011-2012 [+ ]
- = [ \s—7Tev: |ldt=4648m" L Jt20 :
O 5 | \s=8TeV: |Ldt=58-59" — Observed |

o 1 - d | A e Bkg. Expected
3 E O\

o) j &

& - 10" CL, Limits -
110 150 260 360 460 560
1 0—1 — — m,, [GeV]
00500 300 400 600 “4shg - expected value from the SMinthe
- hypothesis of no Higgs = only background
my, (GeV) e 78
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EXPERIMENT

@ATLAS

Probability : p-value plot

P-value =
probability of the null hypothesis (no Higgs of mass x).

CMS Preliminary {s=7TeV,L<51f"' ys=8TeV,L<12.21f"

q} 1 ﬁl : | I : I\II | L | L L : Ll L 1| : | N I | 1G
= 10" = __ 20
© 3
L8]
:;’ L=
Q N4o
= 10°F \ '/ 3
O — el =lale)
O — “i‘ ]
—l B * ]
9l K 166
107+ . - {s=7TeV: [Ldt = 4.8 fb"
— Y o {s =8 TeV: [Ldt = 5.9 fb"
- “. 176
10"13 —| === Combined obs. |*, —
|| === Exp. fﬂr SM H ‘t‘ -
| — H— bb . —{80
| = H—= 11 s, — .
1 0-1? || —H—yy ‘t‘ _| 10°F ... 2011 Exp. ----2011-2012Exp.
|| =—H— WW ] 10° ) —— 2011 Obs, — 2011201208 ™, T
| | —H— ZZ X ] O o0t2Ewp. (s=7TeV: [Lat=47" ., 5O
S BN AR i NN EE ST AV E SN AT . S ANE A A A AN 10_9 —— 2012 0bs. |s=8TeV: _[Ldt=5.8fb'1 -
110 115 120 125 130 135 140 145 B T O T R - B - R F-- B T R V- o
my [GeV
m,, (GeV) u(Eet]
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Standard deviation

The number of standard deviation is a convention based on the Gaussian to
express the small probabilities

0.4

0.3

il 34.1%| 34.1%

0.2

1 13.6% EXGAN. |

0.0 0.1

-30 -20 -lo ¥l lo 20 30

By convention/tradition we talk about evidence for 3o et of discovery for 50.

80
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@ATLAS

EXPERIMENT

Per channel

Discovery!

Higgs discovery

CMS Preliminary (s = ?Tev Les1fb' \s= BTe"u" L<122 "

Evidences

GI".-'ISF‘rrs:hrmnar:-r |s ?Te"u" Lsfﬂfb‘\s aTeV. L<i22f’

(1] 1 W\' T — - ' - G D 1 L [T T ™ |__1
(_:tu — }fﬁ / \ 126 = _-2?:;
-2 )
S 10° o, / \530- = E
1 - Sy — 1 — ﬂ 35
a AL / O —
© = . 4o © M‘lﬁ
8 10-5 — “*.\‘(',7 ] 8 10- — - i“ —
- - * 5c — - ﬁ'*._ 156
\/ - .. i
10°F Y |66 107F ‘n‘ |66
11 : h‘an : A : — Combined obs. “‘. N
10 - .. 170 107" " |--- Exp. for SMH ., 17c
- | —— Combined obs. . . = o E
| - -~ Exp. for SM H R || = H—-Ww .. .
1| He | 4| H— bb .~ ]
PSSz | HowseHszZ g MO H— bb + 1t + WW g
T T i ST T B T el N T Ly
110 115 120 125 130 135 140 145 11IS 120 125 130 135 140 145
my (GeV) my, (GeV)
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Latest H -~ WW and to fermions

a° 10T e T e
T o2 ATLAS Preliminary Vs =7 TeV:[Ldt = 4.6 1b"
S HoWW O Ssiviv Vs = 8 TeV:[Ldt = 20.7 fb”
~  10f —Obs. 0 10 .
_ 1_;:;;;_'?_’{?_-__’{‘_“_ =125Gev :lﬂ“ ___________________ E o CMS s=7TeV,L=5%"; Vs =8 TeV, L = 19-20 fo"
:;T__::::::::::::::::::::: """""""""" oo 210°g VH — bb = (exp.) =-(obs.)
10 o > - VH — 11 -¥ (eXp.) +(0bs_)
] 26 2 o H — 1t (non-VH) -2- (exp.) = (obs.)
9 Combined o (exp.) -»-(obs.)
Rl bttt o)
10 30 S 1
10 o
163 """""""""""""""""""""" 46 E
11 1 I 11 1 1 ‘ 11 1 1 | 111 1 ‘ L1 1 1

120 130 140 150 160 170 180 190 200
m, [GeV]

+IIIIII| IIIIII|T| T

110 115 120 125 130 135
my, (GeV)
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Property measurements :

CMS (preliminary) 19.7 0" (8 TeV) + 5.1 fb ' (7 TeV)
E T T T | T T T | T T T | T T T | T T T | T T T -
s O Z oAl WW o 22v T 10 19.7 b (8 TeV) + 5.1 16" (7 TeV)
g i ] — - CMS | 'T— Combined
3 B B = OF —— H — vy tagged
< 0.08 - CMS data | < 8 - Preliminary — H o 77 tagged
: o r R el bt :
] - — 75 7z’
L 0'06: 1 65 B {VBFVH) £
0.04|- . 5 -
i d i 4;_ _;
0.02}- - 3k =
: . 2 E
0 IR LW I-"'l"u. Ll - :
%0 40 20 0 20 40 60 1F ]
-2><|I"I(|_/|_0+) P||||||||||||||| |||||||||||:
1 23 124 1 25 126 127

. . . | my,; (GeV)
Spin 0 against spin 1 hypothesis

+0.13

m,,=125.03 0% (stat )"0 (syst )=125.03 0% (tot ) GeV
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Property measurements :

19.7fb" (8 TeV) + 5.1fb' (7 TeV)
o [ T T T I B _ CMS rreliminary 19.7 (8 TeV) + 5.1 b (7 Tev)
= [ CMS | “ [ &+ Observed ¢ SM Higgs
N Preliminary t 2 | )
9 1 - N
S [ |==68%CL ] -
< [ |—95%CL | 15¢
107 ---SM Higgs - -
i . 1 : /
- ] :
10% M.e) fit | = I
: B68% CL | - 051
—95% CL | | I .
| | [ IIII| | | L1 1 ||||\I\IIIIII|IHIII —
T 2 345 10 20 100 200 0 '
mass (GeV) 0 0.5 1 o 1

Coupling strength of Higgs as function of particle mass.  Combination for coupling to fermions and bosons
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Z' - 2leptons

« Many theories predict heavy resonances.
- Extra dimensions
heavy Z's (spin 1)
heavy gravitons (spin 2)
- Grand unified theories

A search for such resonances with leptons provides a
clean access.

Best performance with electrons and muons. Decaying
taus are more difficult to handle.

Leptons have high momentum and care is necessary for
the selection

—_

o
s
|

I:l Simulated signal + background

Events / 25 GeV

—_

o
o
|

—_
(=]
\IIIII| T T TTTTIT T TTTTTT T1

107 =

10° E

= 1 1 ‘ 1 1 1 1 | 1 L 1 L | 1 1 1 L | L 15y
500 1000 1500 2000 2500
m(ee) [GeV]

tHh

Search for a narrow resonance
(Detector resolution much
wider than natural width of the
resonance) on steeply falling
SM background
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Z' - 2leptons

Electron selection:

Two electrons candidates with high energy deposit in the ECAL

and associated track.

No other energy deposits around the electron candidate (ECAL

isolation).

No other tracks in a cone around the electron candidate (Tracker

isolation).

Muon selection:

Two opposite charge muon candidate tracks reconstructed in the
inner tracker and the muon chambers.

No other tracks in a cone around the muon candidate (Tracker
isolation).

Both tracks must be close to the same vertex (Cosmic muon
rejection).

86
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Result Invariant Mass :

Irreducible
background

Jets
misreconstructed as
electrons or muons

¥

q q

Events / GeV

control region

Z peak | search region
/—/%/—/%/
1()5 % T T T T T T T T ]
10° CMS Preliminary, 8 TeV, 19.6 fo’!
—e— DATA
10* [ y/zoe'e
10° 0 ff, tw, WW, WZ, 7Z, T
102 [ ] jets (data)
10
1
10"
102
107
1 0-4 | 1 1 | 1 1 1 1 1 1 | 1 ‘
70 100 200 300 400 1000 2000

m(ee) [GeV]

Reducible
backgrounds with
real dileptons.

tt, WW, WZ, ...

Good agreement between data and SM background

prediction. -> No new physics found (yet).
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Exclusion plots :

In absence of a significant excess over the SM
we set limits on the cross section of new
physics processes.

» Spin 1 and spin 2 resonances have different
kinematics -> different acceptance in the
detector -> Different limit plots necessary

* Limit curve below the theory line -> theory
excluded at > 95% confidence level

* Intersection between limit curve and theory
curve give the mass up to which the theory is
excluded at 95% CL

In the spin 1 case:
Z',, excluded up to 2.96 TeV

Z, excluded up to 2.6 TeV

104

CMS Preliminary
T~

8 TeV, ee (19.6 fb™), u"p(20.6 fb™)
L B L H L B

median expected

I 68% expected

95% expected

L Litl

Z'SSM
Zy
—e— 95% CL limit

HIJII|

L1 IIIIH\

500

0001500 2000 2500

3000 3500
m(ll) [GeV]

cms. 8 TeV. ee (3.6 o)+ u (4.1 o)

(&)}

w

S,
Ny

—
<
S
I T TTTTTH

—_—

o
4,
|

TN \ T \"I T 7 T T T T ] T
\ \ S,
e .

' 7 TeV, ee (5.0 b+ ptu (

median expected
I 68% expected
% N '\," 95% expected
LY Gy K/M,=0.01
~ N Y —---- G KM,=0.05
NN ==== G KM,=0.1
Gy, KM, =0.2

—— 95% CL limit
%% N Y

1 IIIIIII| | N

p 7/
[

500

. \\ \\
P OV B LV B
1000 1500 2000 2500 3000
M [GeV]
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LCH (e)) x2

LCH (2f)+ L (vj)
LQ2(uj) x2
LQ2{uj)+LQ2(vj)
LQ3{vb) x2
LQ3(th) x2
LQ3(tl) »x2
LQ3{vl) x2

RS {yy), k=0.1
RS1(ee,uu), k=0.1
RS1j), k=0.1
RS1(WW—4j), k=0.1

SSM Z'{rT)

SSM Z'(jj)

SSM Z'(bb)

SSM Z'(eel+Z'(p)
SSM W'(jj)

SSM W'(lv)

SSM W'(WZ— Ivil)
SSM W'(WZ—4))

coloronf]]) =2
coloron{4]) »x2
gluino(3}) »2
gluino(jjb) »x2

Exotica status

3 4 I+MET, £=-1, S| DM=100 GeV, A
I+MET, £=-1, SD DM=100 GeV, A
'—
: . ADD (w), nED=4, MS |}
! ' ADD (ee,py), nED=4, MS

ADD (j+MET), nED=4, MD
ADD {y+MET), nED=4, MD
QBH, nED=4, MD=4 TeV

String Scale {jj)

Excited
Fermions

dijets, A+ LL/RR
dijets, A~ LL/RR
dimuons, A+ LLIM
dimuons, M- LLIM
diglectrons, A+ LLIM
dimuons, A~ LLIM
single &, A HhCM
single p, A HNCM
inclusive jets, A+
inclusive jets, M-

Multijet

Resonances

stopped gluino {(cloud)
stopped stop (cloud)

HSCP gluino {cloud)

Leptoquarks HSCP stop (cloud)
q=2/3e HSCP

g=3e HSCP

neutralino, ctau=25cm, ECAL time

J+MET, 51 DM=100 GeV, A
HMET, SD DM=100 GeV, A
y+MET, 51 DM=100 GeV, A
y+MET, SD DM=100 GeV, A
+MET, £=+1, Sl DM=100 Ge\| A
+MET, &=+1, SD DM=100 GeV, A

NR BH, nED=4, MD=4 TeV |
Jet Extinction Scale |

Large Extra

Dimensions

Compositeness

A 8 13 17 21
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SUSY state

Summary of CMS SUSY Results* in SMS framework SUSY 2013
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CMS Preliminary

= E:‘ ::T LS For decays with intermediate mass,
- ﬁ% 5 . M XM - 1-%)m
L STIvE g el netnee o1 M
= ir—HI 1 i i n | i i i | i i i | i i i 1 i i i
.0 200 400 600 800 1000 1200 1400
"Obzerved limits, theary uncertainties not included Mass scales [GE\I']

Cnly a selection of available mass limits |
Probe *up to® the quoted mass limit
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LHCb:
Study of B decays and CP Violation

(indirect search for New Physics)

- Dipole magnet (4 T.m)

- Particle Identification (2 RICH)

- 21 layer of Si microstrip vertex locator (VELO)
i — - Tracking: Silicon + long straw tubes

— e i i Ok - Shashlik (Pb/scint) em calorimeter

- HCAL (Fe/scint),
Vertex Particle ID
Finder

Muon - MWPC muon system
detection

D’(IP) £ QUP;m EPID (K) ~ 95%

5p/p = 0.4 — 0.6% | | MiSID(K — 7) = 5%

EPID(P») ~ 97%
MisID(r — p) ~ 1 — 3%

) )

NN

m Covers 4% of solid angle, but
accepts 40% of heavy quark
production cross section.

Etrack > 96%

P of charged
particles

L

o]

o
s’
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Luminosity levelling

nstantaneous Luminosity Updated: 10:36:07
~ 10001 ATLAS HICH K « LHCb designed to run at lower luminosity than ATLAS/CMS.
' ponentially

» LHCDb tracking/PID is sensitive to pile-up.
— LHC pp beams are displaced to reduce instantaneous
luminosity - stable running conditions.

Luminosity / 1e30 cm-2s-1 g2

400 - Lumi of LHCb ‘levelled’ continually ﬂ L2011 :2.7* 1032cm-28-1
w{ [T T T L2012:4.0* 10%cm?s®
0--r J T T T T T

— ATIAS — AUCE — (MS — LH(b

Searching for new physics

INDIRECT search : if it's not a W but a heavier
(unknown) particle in the virtual quantum loop
Branching Ratio B, — pp will be different than

the one expected from the standard model :

m B(B) = pp) = (3.35+0.28) x 1077
m B(BY = pu) = (1.07£0.10) x 10719

wt 92
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First evidence of B, — up :

B(BY? - up) x 1079 B(BY - pp) x 1079
+1.14+0.3 +2.410.6
LHCb 2'9—1.0—(}.1 3'?—2.1—0.4
+1.0 +2.1
CMS .05 3.5 1%
Combined 2.940.7 3.6110

Compatible with the SM predictions.

Q) 16'5: " PRL 111 101805 '(201'3;'
E 147 LHCb E
3 12( BDT>0.7 -
< 100 3 fb! 3
" - 0 A4 r ]
o - B, 4.00 .
= 8_. 5 —
= C ]
E 6f -
- " :
4 ~
2F J’ ‘L l -L -
r-==-=sb=z}-- Calc i t 1 1 1 =
| RO il T i L L
05000

10° x BR(Bg — ptu™)

2.0

L0 FT7E

05 F

0.0

..........................

MSSM-LL

10° x BR(Bs — ptu™)
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ALICE

( Drift )

\

( Strip ) ( Pixel )

i 5

Size: 16 x 26 meters

Weight: 10,000 tons

TRD

HMPID

TRACKING
CHAMBERS

MUON
FILTER

h & — : DIPOLE
ALICE: study of quark-gluon plasma . 1 | A MAGNET
- L3 solenoid
- Large TPC

ABSORBER

- Si microstrip, drift and pixels detectors oo
Particle identification: RICH, TRD, TOF

PbWQO, crystals + Pb/scintillator ecal . . .
Sing|e4arm forward muon system Ludivine Ceard , CP3, Petnica 2014



ALICE Physics

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693
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% ALICE Physics

Key questions:

1. How dnes the particle myltlpllnty increase with energy?
\"“ | Er;l‘ergy density

2. Is th&sysmm blgger and does it live longer?
~ System size. and«hfetlme

Pb+PDb @ sqrt{s) = 2.76 ATeV

2010-11-08 11:29:52

Fill : 1482

Run : 137124

Evant : Ox0000000042B1B693

96
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ot

ALICE Physics

23
Two-particle correlations in p-Pb

H LICE ALICE: arXiv:1212.2001 | L. Milano Fri 15:20

The method: from the high-multiplicity yield subtract
the jet yield in low-multiplicity events (no ridge)

2= Prria™ 4 GeVie

p-Pb |3, = 5.02 TeV
TN (0-20%) - (80-100%)

High multiplicity event class Low multiplicity event class Peallty
<dN_,/dn>"~ 35 <dN_ /dn>"~7 Remaining correlation:
two twin long range structures

Analysis in multiplicity classes defined by the total charge in VZERO detector

(away from the central region)
SQM 2013, M. Ploskon 97
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ALICE with identified particles

p-Pb #SN = 5.02 TeV

ALICE Physics

Twin ridge structure in p-Pb

shown here: had ron-proton correlation (high-low mult. percentile subtracted)

ALICE

h-p
= p-Pb ysy=502TeV  1.5< p_<20GeVic
(0-20%)-(60-100%) (0-20%)-(60-100%)
' ' = Data =——a,+ Z2ancos nAg fit
n=1
==n=1 = pn=2 e =3
] . .. ] |An| > 0.8 (Near side only) Scale unc. = 5%
0.0341 ) \% N | 4 ly
0.0334" - . ;
0.0321

L. Milano Fri 15:20

Jet peak excluded: An < 0.8

SQM 2013, M. Ploskon

98
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Other experiments at CERN

Using the LHC :
* Totem forward to CMS
o L HCf forward to Atlas

* AD : from PS beam :Antiproton Decelerator : studying antimatter, first anti H atom!
» Gran Sasso (Italy) : using the neutrinos from SPS (and sometimes see them faster

than speed of light)

Give a break to LHC :

* ISOLDE
 Cloud, NA48, CAST,
COMPASS ....

Ydl is TOTEM?

TOTEM will measure the effective size or ‘cross-section” of the proton
at LHC. To do this TOTEM must be able to detect particles produced
very close to the LHC beams. It will include detectors housed in
specially designed vacuum chambers called ‘Roman pots’, which are
connected to the beam pipes in the LHC. Eight Roman pots will be
placed in pairs at four locations near the collision point of the CMS
experiment. TOTEM has more than 70 members from 10 institutes in
7 countries (May 2007).

1"11

LHCf is a small experiment that will measure particles produced very
close to the direction of the beams in the proton-proton collisions
at the LHC. The motivation is to test models used to estimate the
primary energy of the ultra high-energy cosmic rays. It will have
detectors 140 m from the ATLAS collision point. The collaboration
has 21 members from 10 institutes in 6 countries (May 2007).
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Conclusion

* LHC has fulfilled his contract of discovery machine :
A new scalar particle very SM-Higgs-boson-like has been discovered!

« But for the moment nothing that haven't been predicted by SM :
Where is the New Physics?

 All physicists are waiting for the restart of the LHC in 2015 to keep
on looking!

1990 2000

2010 2020 2030 2040

LEP - I /\

we | )
: _ High

HL-LHC } ’ﬂl | Physic @ t:l%inosity

I
LHeC | | I |LHC

| High
HE-LHC Physi @ Energy
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@ATLAS

EXPERIMENT

Back-up
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@ATLAS

EXPERIMENT
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@ATLAS

EXPERIMENT

Calculations currently derived in 2 ways:

4-flavour scheme 5-flavour scheme

Dittmaier, Kramer, Spira, Dawson, Campbell, Ellis, Maltoni, Willenbrock
Jackson, Reina, Wackeroth

g -> bb inside b-PDF -> all orders =
Explicit gluon splitting -> divergences no divergences.
If massless b.

In calculations, b iIs massless.

massive b, g -> bb, 1 or 2 b observed second b added during parton shower
and hadronisation by Pythia
g
AVAVAVAVIVA v
g W\\ Q ' q - Q
Should agree at NLO 103
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LHC Run

15-Nov-2012 11:50:45  Fill #: 3288

Energy: 4000 GeV I{B1): 1.87e+14 I(B2): 1.88e+14

ATLAS
Experiment Status PHYSICS

Instantaneous Lumi [{ub.s)/-1] 3993.7
BRAN Luminosity [{(ub.s)/-1] 4083.7
Fill Luminosity (nb)/A-1 87568.7
BKGD 1 0.422
BKGD 2 83.489
BKGD 3 1517

ALICE M5 LHCh
PHYSICS PHYSICS THANKS!

T i 4080.1
1.632 4078.3
61.0 89584.7
0.589 2.586
177.284 3.361
5.974 15.079

LHCb VELO Position [ Gap: -0.0 mm

STABLE BEAMS [

Performance over the last 24 Hrs

=
A
=
="
-
=

— |{B1} — I{(B¥} — Energy
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Global Science

& 8 & & 8 &
Distribution of All CERN Users by Nationality on 4 April 2012
. N r : I i
|
MEMBER GO
STATES
AusIria 15
Belgium 12
Bulgaria 13
Caech Republic 202
Drenmark T3
Finlamd Hl
France Hivhh
Crermany 1259
Cireece 173
Hungary 71
lialy 1760
Metherlands 164
Morway Tl
Poland 20
Portugal 136
Slovakin a2 -
Spain 380
Bweden 9
Switrerlamd
United Kingdeom
DBSERVERS zgﬂ
India 215 ;
Jupan 254 8 fra— T " 1 . o e
Russia U2 h
Turkey 11
LSA 961 B (OTHERS Bosnia & Herregoving 2 Cuba f Ireland 23 Mexico 63 Peru 5 Tunisia 6
Afghanisian 1 Brazil 95 Cyprus 14 Jordan z Maoldova ] Oitar 1 Llkraine 4
CANDIDATE FOR Albania 3 Cambesdia 1 Ecuador 2 Kenya I Mongolia 1 San Marino I Lizbekistan 2
ACCESSION -"'llli'-""i'j 1 Cameroon 2 Egypt 4 Koaorea, [WPR. I Montenegro . Saudi Arabia 3 Venezuela 10
Komania 17 Argentina 16 Canada 141 El Salvador I Fooren Hep, 119 Maoroeeo 13 Senegal I Wiet Nam 10
Armenia 21 Chile & Estonia 15 Lebanon 1l Mepal 2 Shovenia 43 Zimbabwe 2
ASSOCIATE MEMEERS | Austealia 23 Chin T Georgia k| Lithuania 17 Mew Zealland & South Africa 16
IN THE PRE-STAGE Azerhaijan & China (Tapei) 48 Hong Kong 1 Luxembourg 3 Migena I SriLanks 6
TO MEMBERSHIP Bunghadesh 2 Colombia 2% Jceland 4 Madagascar 3 Dman 1 Syria i 1353
sl 67 f Belarus 4 Costa Rica 2 Indoncsia 2 Maluysia T Pakistan 44 Thailand T
Serbiz 30 BEdivia 2 Croatia 0 Iran 21 Mlalti ] Palestine {(.T.]. 3 T.EY.R.O.M. 3
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LHCDb Other results

15 July 2014: First observation of a heavy flavored spin-3 particle

Today at the 15" International Conference on B-Physics at Frontier Machines at the University of Edinburgh, Beauty 2014, the LHCh

collaboration has presented the results of a study of strange beauty meson BY decay into an anti-charm meson

D°, a K" meson and a t* meson

(Bﬁg — [_)UK'rr*}. Previous results indicated the existence of a strange-charm D*SJ{ESE{}}- particle in the D°K" invariant mass spectrum, and the
study of the B% - Dk n* decay allows one to study this structure and measure its properties. Today's LHCb observation shows with 100

significance that, in fact, this excess seen in the DK mass spectrum is composed of two particles with different spins, spin-1 and spin-3. This is
the first observation of a heavy flavored spin-3 particle, and the first time that any spin-3 particle has been seen to be produced in B decays.

L]

]
-""H.
-

b

M

—~

Candidates /

2500

2000

1500

=
=
=

lllllll'l1|lr

T T T T T Nu —r T T 1 7T
—
::; 45
LHCb S 40F | |
?
=
S S0
]
o]
= 40
=
=
S 30
o
20
10

-1 -0.5 0 0.5 !
cos O(D K )

click the images for higher resolution
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T
LHCb
o (e)
The B% - Dk decay is clearly identified as seen in the left image
above. The right image above shows the enhancement at the 2.85 Gevic?
mass in the D°K invariant mass spectrum divided into two components as
measured by LHCh physicists. The wider one corresponds to the spin-1

particle contribution and the narrow one represents the spin-3 contribution.
The non-peaking distributions show contributions from other resonances

that peak far from the 2.85 Gevic® D’K” mass region.

The left image shows to experts that the data D% angular distribution
(black points) is very well described by the presence of both spin-1 and
spin-3 particles (solid blue curve). The models with only either a spin-1
(red curve) or a spin-3 (green one) particle are not supported by data.

The D*SJ(EBBD}' particles are composed of an anti-charm guark ¢ and a strange quark s. The quark-anti-quark pair is bound by strong
interactions and can form different quantum states with different values of spin and angular momentum in analogy to the different quantum states
of ordinary atoms. The presence of the spin-3 contribution gives a clear signature that both particles are members of the so called 1D family
having two units of angular momentum between the quark and the antiquark. This discovery demonstrates that the spectroscopy of the 1D
families of heavy flavoured mesons can be studied experimentally. Further insights can be expected with similar analysis of B decays at LHCb

and the LHCb upgrade.

LuUuuiviiie veadiu , vuro, reuila cvi4



LHCDb Other results

12 March 2013: Improved search for CP violation in charm decays.

14 November 2011: CP violation in charm decays. [AAcP = (~0.34 £ 0.15 = 0.10 )%, pion tagged |

[ AAcp = (+0.49 + 0.30 + 0.14)%, muon tagged ]
[AACp =(-0.82 £ 0.21 + 0.11)%]
The LHCb Collaboration presented today at the Rencontres de Moriond OCD, La Thuile, Italy, results of an improved search for the difference
between properties of matter and antimatter, CP violation, in charm decays, see 14 November 2011 news for introduction. The difference (A) of
CP asymmetry (Acr) between the decay rates of D (matter) and D (antimatter) mesons into KK pairs and into ' pairs was measured. The
results presented today profited from three improvements to the previous analysis: the full 1.0 fb ! data sample collected in 2011 was used

instead of 0.6 fb, the analysis technique was improved and also in addition another independent method was used to select matter D and
antimatter D particle decays.

The LHCb Collaboration has presented today at the Hadron Collider Particle Symposium in Paris possible first evidence for CP violation, the
difference between behaviour of matter (particles) and antimatter (antiparticles), in charm decays. The study of CP violation in both charm and
beauty particle decays is central to the LHCb physics programme. In the Standard Model CP violation is expected to be very small in the charm
sector, whereas new physics effects could generate enhancements.

In this new analysis the LHCb physicists have used data collected in the first half of the 2011 run to study the differences in decay rates of neutral  In the Standard Model CP violation was expected to be very small in the charm sector, whereas new physics effects could generate
D meson particles composed of a charm quark ¢ bound with an up antiquark () and D meson antiparticles (D) composed of a charm antiquark enhancements. Therefore the 14 November 2011 announcement by the LHCb Collaboration of 3.50 evidence of CP violation in charm sector,

3 b d with K he d t -y g dmt d x K . d 1 d I h AAcp =(-0.82 £ 0.21 £ 0.11)%, triggered intensive theoretical activity with conclusions that some special Standard Model effects could generate
(c) bound with an up quark (u). The decays of D~ mesons into D mesons and 1, and D~ mesons into D mesons and 1 were used to select the CP violation effects even as big as about 1%. This interesting LHCb result was later confirmed by the CDF and Belle collaborations. The new

D and D mesons. In the next step of the analysis the difference (asymmetry Acp) between the decay rates of D and D mesons into K'K” pairsas  improved LHCD result presented today, AAcp = (=034 + 0.15  0.10 )%, is more precise thanks to the larger data sample and several

" s . ; i E - s improvements resulting in better background suppression by a factor of 2.5. The central value is, however, closer to zero than in the previous
well as into 111 pairs was measured. By determining the difference, AAcp, in CP asymmetries for the K+K- and ' n” decays, the analysis m:asuremem which \lgsupersedes g PP ¥ P

strongly suppresses possible measurement biases which could arise through effects related to particle production, selection etc. The following _
preliminary result is obtained: In the measurement presented above the D (m‘aner) and D
(antimatter) mesons were selected using the D meson
decays, D™ — m*)D(D), which means that the presence
of m* in the decay identified matter D meson production
while " accompanied antimatter D production. LHCh
physicists presented today also results of a second
independent analysis in which the D and D mesons were
selected using so called semileptonic beauty B decays, for
example B* — p*CvD(D). In the second analysis, the

AAcp =(-0.82 £ 0.21 (stat.) + 0.11 (sys.) )% [ 3.5 sigma significance for experts |

Avery interesting period now | [ x'2 = (5.5 + 4.9)x10™ ; y* = (4.8 + 1.0)x107 |

theoretical work will be require

physics explanation is requirec. [ Ar(KK) = (-0.35 + 0.62 + 0.12})(10_3 Ar(mm) = (0.33 £ 1.06 0.14})(10_3]

ITg“"{;ucm . LHCb The LHCb Collaboration has reported recently new impaortant results on charm physics. positive charge of i* identifiad the B mesan, while the

-— F Preliminary _ negative one, |7, the D production. The image at the left
" 50000 = (1) Ten months ago, the LHCb Collaboration presented the first observation of the D°-B° oscillations in which the D matter mesons turn into their hand side shows a selected event. A zoom around the pp
T a3 . o0=0 0 =0 I . . . . . . . . interaction point shows a B* meson decay point located at
% 40000 antimatter partners. Contrary to the B™-B~ and B s-B "5 oscillations in which the mesons turn into their antimatter partners many times during their the distance of 17 mm from the pp callision point and the B
i1}

lifetime, the D°-B° oscillations are very slow, over one hundred times the average lifetime (see 7 MNovember 2012 news for introduction). LHCb
has now updated this result using the full 2011 and 2012 data set of 3 oL, The new result is 2.5 times more precise. The values parameterizing

meson decay place still 9 mm further away. The second
analysis also measures a value that is consistent with zero:
AAcp = (+0.49 £ 0.30 £ 0.14)%. A combination of the two
LHCD results gives AAcp = (-0.15 £ 0.16)%.

30000

20000 the oscillations, the so-called mixing parameters y' and x'Z, are shown above.

10000| By now, CP violation, differences in the behaviour of matter and antimatter, has been observed in all oscillating neutral-meson (KO, BD, BDS)

systems apart from the charm system. First evidence for charm CP violation (see 14 November 2011 news) has not been unambiguously

confirmed to date (see 12 March 2013 news). The D° mesons are the only mesons containing up-type gquarks which undergo matter anti-matter
oscillations (called also mixing) and therefore provide unique access to effects from physics beyond the Standard Model.

1%20 1840

As part of the new analysis, LHCb has investigated whether there is a CP violating contribution to the oscillations, in contrast to the Standard
Model expectation. This is done by investigating whether the oscillation parameters for mesons produced as D? and D differ. Studying the p?

and D° decays separately shows no evidence for CP violation and provides the most stringent bounds on the parameters (Ap and |g/p| for
experts) describing this violation from a single experiment.

(2) LHCb physicists measured the asymmetry Ar of the inverse of effective
lifetimes in decays of DY and B° mesons to the K- K* and rrt* final states.
The measured values of the parameter Ar shown above represent the
world's best measurements of this quantity, and are the first searches for CP

= R B e A S B
. World Average

E || World Average with new LHCD results

not support this indication as seen in the image. The size of the contour with

0.5 -] violation in charm oscillations with sensitivity better than 10°>. They do not
C ] indicate CP violation, and show no difference in Ar between the two final
oF - states.
0 5:_ _: The results of other experiments combined by the Heavy Flavor Averaging
“E ] Group indicated a hint for possible non-zero values of the CP violation ]_07
11 ] parameters (|g/p| and @ for experts). Both LHCb results presented above do

FEFEFI B B BN EPEPEPE B PR B the new LHCb results is about a factor of two smaller in each of |g/p| and o.

02 04 06 08 1 12 14 1.6 1.8  Theyprovide very stringent limits on the underlying parameters, thus Ceard y CP3 y Petnica 2014
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